Abstract. Growing temperate vegetable crops such as lettuce in the humid tropical climate of lowland Malaysia commonly results in heat-induced crop damage, delayed heading, and precocious bolting. Manipulating the root zone to a cooler temperature may alleviate plant damage caused by high ambient temperatures to a large extent. In this study, the effects of root zone cooling (RZC) on the growth and development of butterhead lettuce were studied in a containerized planting system containing a 3:1 coir-perlite mixture. Polyvinyl chloride (PVC) pipes were used to circulate cold water and cool the root zone of the experimental plants, while their shoots were exposed to the hot ambient temperature. The temperature of the root zone was measured at different depths (50 mm, 100 mm, 150 mm, and 200 mm from the surface of the media). The butterhead lettuce canopy diameter and number of leaves were significantly higher in the RZC treatment at the end of the growth stage compared to the control plants, and the yield, as measured by the shoot and root dry weight, as well as the root/total biomass ratio were also improved. The cooling pipes placed 100 mm below the surface provided a better growth condition for butterhead lettuce; at 100 mm, the RZC media had a mean daily temperature of 19°C and a minimum temperature of 14.4°C at 18:00. This study demonstrated the importance of optimizing root temperature for butterhead lettuce in an ambient hot tropical climate.
Introduction
Butterhead lettuce (Lactuca sativa L.) is a temperate vegetable that prefers ample sunlight, well-drained soil, and cool temperatures of around 15-18°C for optimum growth (Sanders, 2001) . At higher temperatures, lettuce may suffer deleterious effects such as the retardation of heading and the initiation of bolting and flowering (He and Lee, 1998) . Growing lettuce plants in hot tropical climates therefore requires a temperature modification to maintain its optimum growth conditions. In Malaysia, it is common to cultivate temperate vegetables such as lettuce in the cooler highlands and in controlled environment glasshouses.
Studies have also shown that manipulating the root zone temperature to be below 25°C may alleviate the damage caused by high temperatures to a large extent (Lee and Cheong, 1996; He and Lee, 1998; Luo et al., 2009; Yurina et al., 2014) . The effects of root zone temperature on plant growth and development are important as they affect photosynthesis, assimilate partitioning, and the uptake of water and nutrients (Ruter and Ingram, 1990; Udagawa et al., 1991; He and Lee, 1998) . Jensen and Malter (1995) found that bolting was delayed when a cooled nutrient solution was used in a nutrient film growth system. Previous studies by He and Lee (1998) and He et al. (2001) showed that lettuce can be successfully grown in the ambient hot and humid climate of Singapore when the roots are cooled to lower temperatures (15-25°C). The outdoor cultivation of temperate lettuce is therefore possible in the hot ambient temperatures of the tropical lowlands of Malaysia using root zone cooling (RZC).
According to Grunert et al. (2008) the yield and quality of the vegetables produced depend on the physical and chemical characteristics of the growing medium as well as the growing techniques utilized. Several studies have reported that the growth and development of vegetables was enhanced by cultivating them in a soilless medium, particularly one of organic origin (Stepowska and Kowalczyk, 2001; Robinson et al., 2015; Yosoff et al., 2015) for example, the fresh and dry weights of butterhead lettuce were higher when grown in coconut coir compared to rockwool (Robinson et al., 2015) . Coir is known for its high water holding capacity, which causes poor aeration in the root zone. The incorporation of coarser materials such as perlite into a coir medium can improve root aeration and increase yields compared to growth in coir alone or soil (Yahya et al., 2009; Olle et al., 2012) .
The objective of the present study was to determine the effects of RZC on the growth and development of butterhead lettuce in a coir-perlite mixture (3:1). The incorporation of perlite to the coir, as suggested by Awang and Ismail (1997) , was found to adequately lower the water holding capacity for better root zone aeration. The shoots were exposed to ambient temperatures while the roots received a RZC treatment, which was found to significantly enhance yields.
Materials and Methods

3ODQW 0DWHULDOV DQG *URZWK &RQGLWLRQV
Butterhead lettuce (Lactuca sativa var. capitata) boston variety seedlings were obtained from a commercial plant producer at Mini Cameron in Genting Highland, Malaysia. Twenty one-weekold plants were transplanted into two growing containers containing a 3:1 mixture of coir:perlite and cultivated for 45 days from September 1, 2014 to October 15, 2014. The containers (length: 2000 mm, height: 200 mm, width: 300 mm) were placed on a bench under a rain shelter at the Faculty of Engineering, Universiti Putra Malaysia, Serdang, Selangor, Malaysia. Polyvinyl chloride (PVC) pipes (diameter: 25 mm) were buried in the containers at a depth of 100 mm. The thermal conductivity of the PVC pipe was 0.19
. A chiller system consisting of a 4800 watts outdoor air conditioning system (Haier, Model: HSU-188M06) and a copper coil condenser was used to cool water in a tank to a temperature of 4-16°C during the daily operational hours of 09:00 to 17:00. For the RZC treated containers, cold water was pumped from the water tank to circulate through the PVC pipes installed in the growing containers and back to the water tank. The pipes external to the growing containers were insulated with insulation tubing. A fertigation system was constructed using a fertilizer tank, polyethylene tubing, a micro irrigation tube, and a drip irrigation emitter. The plants were drip-irrigated twice a day using a nutrient solution of commercial A-B fertigation fertilizer (D Syira Enterprise, Seri Kembangan, Malaysia) with an electrical conductivity maintained between 1 to 1.1 dS ᱣ m The temperatures of the coir-perlite mixture were measured using soil temperature sensors (Spectrum Technologies, Inc., Aurora, IL, USA) placed 50 mm, 100 mm, 150 mm, and 200 mm below the surface and recorded by a data logger (Watchdog, model 450, Spectrum Technologies, Inc.).
0HDVXUHPHQWV RI 3ODQW *URZWK
Plant height, canopy diameter and the number of leaves were recorded both in the early stages of growth (six days after transplanting), and at the end of the 45-day experiment. Plant height was measured from the media surface to the plant tip, while the canopy diameter was measured from leaf tip to leaf tip at the widest point. The yield was evaluated by measuring the fresh and dry weights of the plants at the end of the study. The dry weight of each plant was determined after drying both the leaves and the roots in an oven at 80-90°C for 72 hours.
6WDWLVWLFDO $QDO\VLV
Ten replicates were used for each treatment, and the effects of each treatment on the growth parameters were statistically analyzed by t-test using Excel 2010 (Microsoft Corp, Redmond, WA, USA). Differences were considered significant when the p value was < 0.05.
Results and Discussion
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The highest ambient temperatures were recorded between 10:00 and 16:00, with a peak of 37.3°C at 14:00 (Fig. 1) . During this period, the mean root zone temperatures of the RZC treatment were 23.2°C, 17.9°C, 21.9°C, and 24°C at 50 mm, 100 mm, 150 mm, and 200 mm, respectively. The buried pipe circulating cooled water through the RZC-treated media at a depth of 100 mm was sufficient to provide the optimum root temperature environment for the butterhead lettuce plant as suggested by Sanders (2001) and Jensen and Collins (1985) with a mean daily temperature of 19°C and a minimum temperature of 14.4°C at 18:00.
The temperature of the coir-perlite mixture without RZC (control) at 50 mm, 100 mm, 150 mm, and 200 mm exceeded the ambient temperature from 00:00 to 09:00 and 18:00 to 00:00 daily, and reached a maximum temperature of 30°C at 19:00 (Fig. 2) . The temperature of the media at depths 50 mm and 100 mm were almost similar while the temperature at 200 mm was highest compared to the other depths in the control treatment. The root zone temperature at a depth of 100 mm in the RZC treatment was between 3.8°C to 18.1°C cooler than the control treatment during the day (06:00 to 20:00).
The efficiency of cooling the root zone was greatest at the same depth as the cooling pipes, 100 mm, followed by 150 mm, 50 mm, and 200 mm. This may be due to the use of the PVC pipes, as this plastic has a low thermal conductivity that allows water to circulate at a lower temperature Yurina et al. (2014) .
*URZWK RI %XWWHUKHDG /HWWXFH
There were no differences in the height, canopy diameter, or number of leaves between plants in the RZC and control treatments six days after transplanting (Table 1) ; however, at the end of the 45-day experiment, there was a significant increase in the canopy diameter and number of leaves of plants in the RZC compared to the control treatment. Some of the plants survived the control treatment with several leaves on the upper shoots while others wilted or had no leaves. The occurrence of tipburn on the leaves under control likely demonstrates the inability of the plants to obtain enough calcium during the growth periods (De Swaef et al., 2015) . This physiological disorder can be mostly attributed to the disruption of root function by the high root zone temperatures, which reduce the water and nutrient uptake from the roots to the leaves.
In this study, the yield, as measured by the shoot and root dry weights, as well as the root/total biomass ratio were highest for the butterhead lettuce treated with RZC compared to those grown at ambient temperatures (Table 2) ; however, the shoot/root ratio was higher for plants grown in control. Previous work has revealed that butterhead lettuce plants grown in RZC conditions had larger, longer, and more branched root systems, associated with the significant increase in dry root weight (He and Lee, 1998) . He and Lee (1998) also suggested that the response of butterhead lettuce to temperature fluctuation was achieved by changes in the enzyme content of their leaves and in their relatively lower rates of photosynthesis in the hot climate that suited growth under cool root zone temperatures. The reduction in shoot biomass for the butterhead lettuce grown in high ambient temperatures was due to a reduction of water uptake which lead to heat stress as can be seen from the wilted and reduction of leaves at the end of the 45-day experiment compared to those grown in RZC (Table 1) .
Conclusion
In conclusion, the RZC system successfully cooled the 3:1 coir-perlite mixture from the high ambient temperature. Butterhead lettuces grown in the RZC system responded positively towards this cooling, as shown by the increase in canopy diameter, number of leaves, and shoot and root dry weight compared to the control plants. Lettuce is a temperate plant that cannot thrive in a hot environment; however, by optimizing its root zone temperature, we showed that plants cultivated for five to six weeks developed a loose head of broad succulent leaves, demonstrating how the butterhead lettuce could be successfully grown in tropical climates.
